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The angiopoietin (Ang)/Tie2 signaling pathway is essential for maintaining vascular homeostasis,
and its dysregulation is associated with several diseases. Interactions between Tie2 and α5β1
integrin have emerged as part of this control; however, the mechanism is incompletely understood.
AXT107, a collagen IV–derived peptide, has strong antipermeability activity and has enabled the
elucidation of this previously undetermined mechanism. Previously, AXT107 was shown to inhibit
VEGFR2 and other growth factor signaling via receptor tyrosine kinase association with specific
integrins. AXT107 disrupts α5β1 and stimulates the relocation of Tie2 and α5 to cell junctions. In
the presence of Ang2 and AXT107, junctional Tie2 is activated, downstream survival signals are
upregulated, F-actin is rearranged to strengthen junctions, and, as a result, endothelial junctional
permeability is reduced. These data suggest that α5β1 sequesters Tie2 in nonjunctional locations
in endothelial cell membranes and that AXT107-induced disruption of α5β1 promotes clustering of
Tie2 at junctions and converts Ang2 into a strong agonist, similar to responses observed when Ang1
levels greatly exceed those of Ang2. The potentiation of Tie2 activation by Ang2 even extended to
mouse models in which AXT107 induced Tie2 phosphorylation in a model of hypoxia and inhibited
vascular leakage in an Ang2-overexpression transgenic model and an LPS-induced inflammation
model. Because Ang2 levels are very high in ischemic diseases, such as diabetic macular edema,
neovascular age-related macular degeneration, uveitis, and cancer, targeting α5β1 with AXT107
provides a potentially more effective approach to treat these diseases.
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Excessive vascular growth, instability, and leakage are critical pathophysiological events in the progression of several diseases, including neovascular age-related macular degeneration (NVAMD), diabetic
macular edema, cancer growth and metastasis, and uveitis and other inflammatory diseases (1–4). The
angiopoietin (Ang)/Tie system (reviewed in refs. 5, 6) has emerged as a major regulator of vascular
homeostasis and a promising therapeutic target. In quiescent vessels, paracrine release of angiopoietin
1 (Ang1) from perivascular cells stimulates Tie2 clusters across endothelial cell (EC) junctions, leading
to the activation of the antiapoptotic Akt and reduced permeability through actin rearrangement and
dephosphorylation of MLC2 by the Rap1 pathway (7–9). Alternatively, stimulation of Tie2 at the EC–
extracellular matrix (EC-ECM) interface induces proliferation by ERK1/2 and migratory responses via
Dok2 activities (8, 10). In contrast, angiopoietin 2 (Ang2) is essential for angiogenesis where it is rapidly
released from Weibel-Palade bodies stored within ECs and destabilizes the vasculature by antagonizing
the activities of Ang1. Ang1 inhibition leads to reduced perivascular coverage and either vessel regression
or angiogenesis in the absence or presence of other growth factors, respectively (11, 12). In many disease
states, the concentrations of the 2 angiopoietins are heavily skewed in favor of Ang2, which contributes
to the progression of several vascular diseases through pathological increases in vessel permeability and
instability (13–15). In some conditions, Ang2 may also function as a weak agonist of Tie2. Specifically,
the activation of junctional Tie2 by both Ang1 and Ang2 is enhanced when the receptor is associated with
the Tie1 coreceptor and cleavage of Tie1 during inflammation is suspected to regulate the agonistic and
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antagonistic activities of Ang2 (16). However, understanding of the mechanism by which Ang2 switches
between agonistic and antagonistic activities remains incomplete.
Both Tie receptors form complexes with the endothelial integrins α5β1 and αvβ3 on the surface of cells.
Interactions between α5β1 integrin and Tie2 ectodomains sensitize the receptor to activation by Ang1 and
are enhanced in the presence of fibronectin (FN1) (10, 16, 17). Activated Tie2 in these complexes stimulates
promigratory and proliferative downstream pathways associated with FAK, Rac1, and ERK1/2 (MAPK)
(10, 17). However, Ang1-mediated phosphorylation of the survival signaling factor Akt demonstrates context-specific activation by integrins. Downregulation of β1 integrin with siRNA reduced the phosphorylation of S473 on Akt in ECs treated with COMP-Ang1, while another study showed no changes in the
phosphorylation of Akt T308 following the reduction of α5 integrin (10, 16). Whether these differences are
related to the specific phosphorylation sites, the integrins targeted, cell culture methods, or underlie a more
complicated relationship between integrins and Tie signaling remains to be determined and emphasizes the
need for further investigation into the relationship between integrins and Ang/Tie signaling.
Here, we examine the regulatory function of integrins in Ang/Tie signaling using an integrin-binding, disruptive peptide, AXT107. AXT107 is a 20-mer natural amino acid peptide originally derived from a sequence
in type IV collagen that was found in our previous work to bind tightly to integrins α5β1 and αvβ3 and disrupt
the activities of their associated growth factor receptors VEGFR2, cMet, PDGFRβ, and IGF1R (18, 19). This
peptide disrupts interactions between IGF1R and β1 integrin, enhances VEGFR2 degradation in vitro, and
inhibits the growth and permeability of neovascularization in vivo. In the present work, we demonstrate that
AXT107 potentiates the normally weak agonistic activity of Ang2 towards Tie2 both in vitro and in vivo and
specifically activates downstream targets associated with EC survival and barrier function. Mechanistically,
AXT107 treatment dissociates α5 and β1 integrins, resulting in the translocation and activation of Tie2 at
EC-EC junctions and decreased monolayer permeability and leakage through the reorganization of F-actin
and VE-cadherin. These data emphasize a clear regulatory role for integrins in Tie2 signaling. AXT107 may
represent a novel therapy that, rather than directly inhibiting detrimental Ang2 signaling like other agents in
development that target the Ang2 signaling pathway, instead takes advantage of the high concentration of
Ang2 in disease to potentiate its beneficial effects, in association with endogenous Ang1.

Results
AXT107 potentiates the activation of Tie2 by Ang2. To investigate the effects of the integrin inhibitor AXT107
on Tie2 signaling, we treated confluent monolayers of microvascular ECs (MECs) with various concentrations of AXT107 followed by exposure to the Tie2 ligands Ang1 and Ang2. Consistent with previous reports, 200 ng/ml Ang1 induced phosphorylation of Tie2 (Figure 1, A and C), while 200 ng/
ml Ang2 had no effect (Figure 1, B and D). Treatment with AXT107 showed a minor, but significant
decrease in Tie2 phosphorylation in Ang1-stimulated cells at the highest dose tested but did not influence the phosphorylation of the downstream, prosurvival effector Akt. Conversely, strong and significant dose-dependent increases in Tie2 and Akt phosphorylation were observed in cells treated with a
combination of AXT107 and Ang2. However, the phosphorylation of the proliferation-associated factor
ERK1/2 remained constant in all tested conditions. The total protein levels of Tie2 and its downstream
targets remained unchanged for both Ang1 and Ang2 at all concentrations of AXT107 (Supplemental
Figure 1, A and B; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.122043DS1) and phosphorylation was not induced by AXT107 alone (Supplemental Figure 1C).
Since AXT107 altered the effects of Ang2 more dramatically than Ang1, and the Ang1-to-Ang2 ratio is
skewed towards Ang2 in diabetic macular edema, NVAMD, uveitis, cancer, and other ischemic diseases,
subsequent experiments focused on Ang2.
AXT107-mediated changes in Tie2 cellular distribution influence receptor activation. Our observations
that AXT107 stimulates the Ang2-mediated phosphorylation of Akt but not ERK 1/2 suggests that
AXT107 may activate junctional Tie2 instead of receptors at the cell-ECM interface (20). Previously,
it was reported that Tie2 at the junctions formed actin-rich complexes that were insoluble in Triton
X-100–based lysis buffers but were soluble when distributed over the surface of the cell (8). Therefore,
we treated MEC monolayers with various combinations of AXT107, Ang1, and Ang2 (Figure 2A) and
fractionated the cell lysates by their solubility in Triton X-100–containing buffers. We also included
VEGF165 in these assays since VEGFR2 signaling often opposes the activities of Tie2. In all cases, 100
μM AXT107 was used for the clearest results. We found that increased amounts of Tie2 were in the
insight.jci.org   https://doi.org/10.1172/jci.insight.122043
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Figure 1. AXT107 potentiates the activation of Tie2 by Ang2. (A and B) Representative Western blots of MEC lysates treated with 200 ng/ml Ang1 (n =
6–8) (A) or 200 ng/ml Ang2 (n = 3) (B) and 0–100 μM AXT107 showing phosphorylation of Tie2 (Y992) and downstream effectors Akt (S473) and ERK1/2
(T202/Y204), with GAPDH as a loading control. (C and D) Densitometric analysis of Western blots described in A (C) and B (D) adjusted for loading control
and presented relative to Ang1- or Ang2-alone control. *P < 0.05, ***P < 0.001 by 1-way ANOVA relative to Ang1- or Ang2-alone control.

insoluble fraction of lysates treated with AXT107, independent of growth factor treatment. Next, we
wanted to determine if this relocation of Tie2 to the insoluble fraction was important for its activation
by Ang2. Tie2 was immunoprecipitated from fractionated MEC lysates exposed to Ang2 with or
without AXT107 and then immunoblotted for phospho-Tie2. Phosphorylation was observed only in
the insoluble fractions of AXT107-treated samples (Figure 2B). Surprisingly, the total Tie2 was also
consistently lower in the soluble fraction. While care was taken to keep the volumes of the soluble and
insoluble fractions as identical as possible, the relative protein content could not be estimated prior to
gel loading, as AXT107 contributes to the overall protein concentration. To independently confirm
that phospho-Tie2 was indeed higher at the junctions after treatment with AXT107, we investigated
the effects of AXT107 on the location of phospho-Tie2 in MEC monolayers by immunofluorescence
microscopy using the tight junction–associated protein ZO-1 as a junctional marker (Figure 2C). In
samples treated with Ang2 alone, phospho-Tie2 was predominantly found in weak, punctate distributions across the cell surface. Treatment with AXT107 increased the overall fluorescence intensity and
redistributed phospho-Tie2 along cell-cell junctions. A similar redistribution could also be observed for
insight.jci.org   https://doi.org/10.1172/jci.insight.122043
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Figure 2. AXT107 alters Tie2 intracellular distribution. (A) MEC lysates were treated with various growth factors and 100 μM AXT107 or DMSO vehicle
and fractioned into Triton X-100–soluble and –insoluble pools. Blots were stained for total Tie2 (n = 3). (B) Representative images of Triton X-100–
fractionated lysates immunoprecipitated for Tie2 and blotted for phospho-Tie2 (top) and total Tie2 (bottom); n = 3. (C) Immunofluorescence images
of MEC monolayers treated with 200 ng/ml Ang2 for 15 minutes at varying concentrations of AXT107 and stained with DAPI (blue) and for phospho-Tie2 (Y992) (green) and ZO-1 (red) (n = 3). Scale bars: 25 μm.

total Tie2 (Supplemental Figure 2). Interestingly, the arrangement of ZO-1 also changed in appearance
from jagged and discontinuous to smooth and continuous with increasing concentrations of AXT107.
Such changes are associated with tighter intercellular junctions, an effect that was further investigated
and described in greater detail below.
We also investigated the effects of AXT107 on Tie1, a Tie2 coreceptor shown to be essential for the
activation of junctional Tie2 (16, 21), and VE-PTP, a junctional tyrosine phosphatase that dephosphorylates Tie2. In previous reports, inhibition of VE-PTP was found to increase the activation of Tie2 by Ang2
(22). However, AXT107 treatment did not appear to alter the interactions of Tie2 with either coreceptor.
Populations of Tie1 were found to relocate to the insoluble fraction after peptide exposure (Supplemental
Figure 3A) and remained associated with Tie2 (Supplemental Figure 3B). VE-PTP was always found in
the insoluble fraction regardless of treatment (Supplemental Figure 3C) and associated with Tie2 at the
junctions (Supplemental Figure 3B). We next focused our attention on the mechanisms by which AXT107
affects integrins to elicit its effects on Ang2, Tie2, and EC-EC junctions.
AXT107 disrupts interactions between α5 and β1 integrin subunits. We previously identified integrins α5β1 and
αvβ3 as the primary targets of AXT107 (19). To investigate the possibility of an integrin-mediated mechanism for regulating Tie2, immunoblots of fractionated MEC lysates for the α5 integrin subunits were used.
insight.jci.org   https://doi.org/10.1172/jci.insight.122043
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While the majority of the α5 integrin subunit population remained in the soluble fraction, a portion relocated
to the insoluble fraction in samples treated with AXT107, similar to what was observed for both Tie1 and
Tie2 (Figure 3A). Surprisingly, the β1 integrin subunit was never observed in the insoluble fraction (Figure
3B) despite the use of long exposure times, high antibody concentrations, and a second antibody targeting
a separate epitope of β1 integrin (Supplemental Figure 4), indicating that treatment with AXT107 disrupts
interactions between the α5 and β1 integrin subunits. Furthermore, since β1 is the only known β subunit to
interact with α5 integrin, it is unlikely that the α5 subunit observed in the insoluble fractions of this assay
originated from a different heterodimeric integrin pair.
Given our unprecedented observation that AXT107 dissociates the α5β1 integrin heterodimer, we
wanted to confirm this result in several independent assays. We used the Duolink proximity ligation
assay to visualize individual interactions between α5 and β1 integrin subunits as distinct spots by fluorescence microscopy. These studies revealed that the interactions between α5 and β1 integrin subunits
were significantly reduced in monolayers treated with AXT107 compared with vehicle alone (Figure 3,
C and D). We further investigated the interactions between α5 and β1 integrins by coimmunoprecipitation. Pull-down of α5 integrin in Triton X-100–fractionated lysates revealed that while α5 integrin could
be observed in the insoluble fraction after AXT107 treatment, interactions with β1 were only found in
the soluble fractions (Figure 3E). The α5 integrin subunits that remained in the soluble fractions after
AXT107 treatment, however, were still in complexes with β1 integrin, suggesting that only a specific
population of α5β1 integrins were disrupted by the peptide. We next wanted to determine if the α5
integrin subunits in the insoluble fraction were associated with Tie2 following their separation from
β1 integrins. As shown in Figure 3F, α5 integrin was observed in the peptide-treated, insoluble fraction
following immunoprecipitation of Tie2.
AXT107 strengthens EC-EC contacts and reduces monolayer permeability. Tie2 signaling is a major regulator
of vascular permeability and dysfunction in this pathway is known to contribute to increased macular edema
and disease progression. Specifically, Tie2 strengthens cell-cell junctions through the formation of trans-associations between Tie2 receptors on adjacent cells and the reorganization of VE-cadherin complexes continuously along cell-cell junctions (20). Immunofluorescence imaging revealed clear changes in the structure of
VE-cadherin junctions between ECs (Figure 4A). At lower concentrations the distribution of VE-cadherin was
discontinuous and jagged in appearance but became progressively smoother with increasing concentrations
of AXT107. The jaggedness of these junctions is related to the structural arrangement of actin fibers within
the cell (Figure 4A, center row). In the absence of AXT107 treatment, actin was arranged as radial fibers that
crossed much of the inside of the cells. This arrangement creates tension that pulls against the cell-cell junctions and makes the VE-cadherin distribution appear jagged. In contrast, increasing concentrations of AXT107
rearranged actin to the periphery of the cell, which applies tension along the junction, creating the consistent
and smooth appearance. As a simple metric for this change in actin distribution, we calculated the average area
of actin fluorescence signal per cell (Figure 4B). The total level of VE-cadherin, however, remained unchanged
after 3 hours of AXT107 and Ang2 treatment (Figure 4C). As noted above, the tight junction–associated protein ZO-1 showed responses to AXT107 treatment similar to those of VE-cadherin (Figure 4D). The reorganization of VE-cadherin, ZO-1, actin, and Tie2 at EC junctions by AXT107 suggests that it stabilizes and tightens cell-cell interactions and, consequently, should reduce the permeability of molecules across the monolayer.
The effect of the peptide on EC permeability was investigated by the transendothelial diffusion of
FITC-labeled dextran across MEC monolayers seeded onto permeable Transwell supports (Figure 4, E
and F). Treatment with Ang2 or AXT107 alone did not influence FITC-dextran diffusion across the monolayer, whereas VEGF treatment appeared to increase permeability (although nonsignificantly) alone or
in combination with Ang2. Interestingly, the addition of Ang2 alone or in combination with VEGF to
monolayers preincubated with 100 μM AXT107 caused a significant decrease in FITC-dextran diffusion
into the top chamber when compared with cells treated with the growth factors alone. A similar trend was
also observed between monolayers treated with VEGF in the presence and absence of peptide; however, the
high variability in monolayer permeability in vitro prevented significant differences.
As a potential mechanism for this actin rearrangement, phosphorylation of Tie2 is known to stimulate
the Rap1 GTPase pathway, leading to a reduction in the phosphorylation of the downstream motor protein
myosin light chain 2 (MLC2) that is associated with actin rearrangement (9). In support of this hypothesis,
the phosphorylation of MLC2 was reduced in a dose-dependent manner following treatment with AXT107
and Ang2 (Figure 5, A and B) but not in the presence of AXT107 alone (Supplemental Figure 5A).
insight.jci.org   https://doi.org/10.1172/jci.insight.122043

5

RESEARCH ARTICLE

Figure 3. AXT107 disrupts interactions between α5 and β1 integrin. (A and B) MEC lysates were treated with various growth factors and 100 μM AXT107
or DMSO vehicle and fractioned into Triton X-100–soluble and –insoluble pools and blotted for α5 (n = 3) (A) or β1 (epitope corresponding to a site within
aa 76–256) (n = 3) (B) integrins. (C). Representative images of a Duolink assay showing interactions between α5 and β1 integrins in MEC monolayers
treated with 100 μM AXT107 or vehicle (n = 3). Scale bars: 25 μm. (D) Quantification of interactions per arbitrary area. (E) Representative blots of Triton
X-100–fractionated lysates immunoprecipitated for α5 integrin and blotted for α5 integrin (top) and β1 integrin (bottom) (n = 3). (F) Representative image
of insoluble fractions of Triton X-100–fractionated lysates immunoprecipitated for Tie2 and blotted for α5 integrin.

To further determine the Tie2 dependence of AXT107’s effects on EC junctions we used siRNA to
knock down Tie2 expression in ECs and then visualized VE-cadherin and actin structures by immunofluorescence. Owing to the poor transfection efficiency of the MECs, we substituted human umbilical vein
endothelial cells (HUVECs) for these studies. Treatment with Tie2 siRNA for 48 hours knocked down Tie2
levels in HUVECs by 68% relative to negative control siRNA (Supplemental Figure 5B). We then used
immunofluorescence to investigate how Tie2 knockdown influences AXT107-mediated effects on cell junctions (Figure 5C). To provide quantification of the effects we developed a simple metric of VE-cadherin
arrangement by comparing the ratios of the true perimeter of the VE-cadherin signal to the apparent minimal junction of the cells (Figure 5D and Supplemental Figure 5C). Confluent monolayers of HUVECs were
treated for 48 hours with either Tie2 or negative control siRNA followed by 3 hours with 200 ng/ml Ang2
and either DMSO vehicle or 100 μM AXT107. Consistent with the MEC data in Figure 4A, VE-cadherin in
monolayers treated with negative control siRNA exhibited a jagged arrangement in the presence of DMSO
but became smoother following treatment with 100 μM AXT107. Knockdown of Tie2 caused a slight, but
insignificant, decrease in the jagged appearance of DMSO-treated cells relative to the DMSO-treated cells
with negative control siRNA. Most interestingly, however, cells treated with both AXT107 and Tie2 siRNA
were significantly more jagged than cells treated with AXT107 and negative control siRNA.
insight.jci.org   https://doi.org/10.1172/jci.insight.122043
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Figure 4. AXT107 treatment strengthens endothelial cell junctions. (A) Immunofluorescence images of MEC monolayers treated with 200 ng/ml Ang2
and various concentrations of AXT107 that have been stained with DAPI (blue) and antibodies against VE-cadherin (green) and F-actin (red); merged
regions are shown in yellow. Arrows indicate representative regions showing transition of VE-cadherin distribution (n = 3). Scale bars: 25 μm. (B) Average area of F-actin coverage per cell (n = 3). *P < 0.05, **P < 0.01 by 1-way ANOVA relative to Ang2-alone control. (C) Representative Western blots of
VE-cadherin from MEC monolayers treated with 200 ng/ml Ang2 for 3 hours and various concentrations of AXT107. GAPDH is included as a loading control.
(D) Immunofluorescence images prepared as in A and stained with DAPI (blue) and an antibody against ZO-1 (red). Scale bars: 25 μm. (E) Schematic of the
transendothelial permeability assay. (F) Quantification of FITC-dextran (40 kDa) migration across MEC monolayers plated on semipermeable substrates
following treatment with growth factors and AXT107 where indicated (n ≥ 7). *P < 0.05 by Student’s 2-tailed t test.

AXT107 potentiates Tie2 phosphorylation and stabilizes retinal vasculature in vivo. To investigate the
effects of AXT107 on Tie2 activation in vivo we utilized the oxygen-induced ischemic retinopathy
(OIR) mouse model. In this model, mouse pups are placed in 75% O2 at P7 for 5 days, which downregulates VEGF expression and causes regression of newly developed retinal vessels. When the mice are
returned to room air at P12 the areas of avascular retina become hypoxic, resulting in stabilization of
HIF-1 and an increase in hypoxia-regulated gene products including VEGF and Ang2 (23). This stimulates the growth of retinal neovascularization on the surface of the retina, which is quite extensive at
P17. At P17, mice were given an intravitreous injection of 1 μg of AXT107 or vehicle and euthanized 12
hours later (Figure 6A). We used a 12-hour time point, as this duration of treatment is not sufficient to
induce major changes in vessel structure, limiting any observations to changes in signaling alone. Such
treatment is distinct from our prior investigations in which retinal neovascularization was inhibited
following 5 days of AXT107 exposure in the same model (19). Retinas were then dissected and stained
with anti–phospho-Tie2 and with Griffonia simplicifolia agglutinin (GSA) lectin, which selectively stains
ECs. Since GSA lectin more avidly binds activated ECs that are participating in neovascularization
than normal ECs, a brief incubation with GSA selectively stains neovascularization, which appears as
green tufts on the surface of the retina (Figure 6, B and C, left column). In eyes that had been treated
with AXT107, there was robust phosphorylation of Tie2 in ECs participating in neovascularization,
but not those in control eyes that had been injected with vehicle (Figure 6B, second and third columns).
Having demonstrated that AXT107 is able to potentiate Tie2 phosphorylation in vivo, we next investigated if it could inhibit retinal vascular permeability in an Ang2 overexpression model. To investigate
this we used transgenic IRBP-rtTA/TRE-Ang2 mice, which exhibit doxycycline-induced expression of
Ang2 in retinal photoreceptor cells (Supplemental Figure 6A) (24). Vascular leakage was then visualized
by fluorescein angiography or quantified by measuring the level of serum albumin in the vitreous. For
both experiments mice received intravitreous injections of 1 μg AXT107 in one eye and PBS in the fellow
eye. Doxycycline was then administered for 4 days in the drinking water. A schematic of the model can
be found in Supplemental Figure 6A. Fluorescence angiography clearly showed Ang2-overexpression-induced fluorescein extravasation from dilated retinal vessels in PBS-injected control eyes (Figure 7A). In
contrast, Ang2-overexpressing mice treated with AXT107 showed slightly dilated retinal vessels (Figure
7B) compared with those in untreated, control C57BL/6 mice in which there was no overexpression of
Ang2 (Figure 7C). However, like the vessels in control C57BL/6 mice, those in AXT107-injected Ang2
overexpressors had sharp, distinct borders indicating lack of fluorescein leakage through the vessel wall
(Figure 7B). Compared with PBS-injected eyes with induced overexpression of Ang2, AXT107-injected
eyes with induced overexpression of Ang2 had significantly lower mean levels of serum albumin in vitreous samples (Figure 7D), confirming that AXT107 suppresses Ang2-induced retinal vascular leakage.
AXT107 inhibits vessel permeability in an LPS-induced model of uveitis. Several recent studies have highlighted the contribution of high systemic levels of Ang2 to the severe vascular leakage associated with
systemic inflammatory conditions, notably sepsis (25–28). Similarly, a chronic inflammatory condition
within the eye, known as uveitis, is associated with excessive vascular leakage and accounts for 10% of
blindness worldwide in working-age adults, with higher incidence in developed countries (4). Current
treatments for uveitis are the long-term use of corticosteroids and the recently approved systemic antiTNF antibody Humira (adalimumab), which can be accompanied by severe side effects. Injection of
LPS into the vitreous of mice causes severe intraocular inflammation and vascular leakage and is an
established model of uveitis (29) (Supplemental Figure 6, B–D). There was a significant increase in
retinal Ang2 mRNA levels compared with control, PBS-injected eyes (Figure 7E). Thus, analogous to
the situation in sepsis, severe inflammation in the eye is associated with high levels of Ang2 that might
contribute to vascular leakage. Pretreatment of LPS-injected eyes with 1 μg of AXT107 resulted in a
insight.jci.org   https://doi.org/10.1172/jci.insight.122043
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Figure 5. AXT107 influences cell-cell junctions through Tie2-associated mechanisms. (A) Representative Western blot images of lysates from MECs
treated with 200 ng/ml Ang2 and various concentrations of AXT107 targeting phospho-MLC2, with GAPDH as a loading control. (B) Densitometric analysis
of images in A (n = 2 or 3). ***P < 0.001 by 1-way ANOVA relative to Ang2-alone control. (C) Representative immunofluorescence images of HUVEC monolayers treated with 200 ng/ml Ang2, negative control, or Tie2 siRNA, and DMSO or AXT107 that have been stained with DAPI (blue) and antibodies against
VE-cadherin (green) and F-actin (red). Scale bars: 25 μm. (D) Ratios of actual perimeters to minimal perimeters for images related to C. Ratios presented
as averages from at least 3 cells from 3 different wells and 2 separate experiments (total of 5 values). ***P < 0.001 by 2-tailed Student’s t test.

significant reduction in mean vitreous albumin levels compared with pretreatment with PBS (Figure 7F).
Thus, AXT107 suppresses vascular leakage in the setting of severe intraocular inflammation.

Discussion
In this study, we have utilized the unique mechanism of the integrin-binding peptide AXT107 to unveil
insights into the regulation of Tie2 signaling by α5β1 integrin. Integrins are well documented to regulate
signaling by multiple growth factor receptors, including VEGFR2, c-Met, IGF1R, PDGFRβ, and Tie2.
However, the details of these associations have been incompletely understood. Interactions between α5β1
or αvβ3 integrins and growth factor receptors potentiate the activation of several receptor tyrosine kinases
(RTKs) (30–33) and regulate their internalization (34, 35). Consistent with these findings, integrin inhibition by AXT107 significantly decreased receptor phosphorylation and downstream signals for many of
these RTKs (e.g., VEGFR2, c-Met, and IGF1R) as well as reduced total receptor levels through increased
receptor degradation (18, 19, 36). In contrast, AXT107 clearly enhances the activation of Tie2 by Ang2
both in vitro and in vivo without altering the total levels of Tie2, suggesting that increased degradation of
the receptor was not occurring, as it on exposure to other RTKs.
Our proposed model for Tie2 activation by AXT107 is presented in Figure 8. Specifically, AXT107 stimulates
the cell-surface redistribution of Tie2, independent of growth factor treatment. Our data imply that interactions
with α5β1 integrin heterodimers sequester Tie2 at the EC-ECM interface. However, since Tie2 does not interact
with β1 integrin in the absence of the α5 subunit (17), the disruption of these integrins by AXT107 allows for the
formation of Tie2-containing complexes at EC-EC junctions. This junctional relocation appears to be important for activation, as both our immunofluorescence and pull-down experiments suggest that phosphorylation
insight.jci.org   https://doi.org/10.1172/jci.insight.122043
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Figure 6. AXT107 potentiates Tie2 phosphorylation in vivo. (A) Schematic depicting each step in the OIR model, with
oxygen concentration and injection times indicated. (B and C) Immunofluorescence images of retinas from mouse OIR
models treated with 1 μg AXT107 (B) or DMSO vehicle (C). AXT107 was delivered by intraocular injection 5 days after
removing mice from hyperoxia. Retinas were excised and briefly incubated with FITC-GSA lectin (green) to selectively
stain endothelial cells participating in neovascularization and also stained for phopsho-Tie2 (red). Scale bars: 200 μm.

is limited to the junctions. A potential mechanism for how this relocation could activate Tie2 may be related to
the natural differences between Ang1 and Ang2. Previous reports have suggested that the superior activation of
Tie2 by Ang1 versus Ang2 is a result of its ability to form larger complexes than Ang2 and induce the formation
of Tie2 clusters (37, 38). Since total cellular levels of Tie2 did not change with AXT107, the increase in junctional Tie2 would imply an elevation in receptor concentration within these regions of the cell. Additionally, the
coimmunoprecipitation assays in Figure 2B and Supplemental Figure 3B consistently showed greater pull-down
of Tie2 in AXT107-treated lysates despite the use of equal volumes throughout the lysing process, suggesting
that Tie2 had formed clusters in these samples. Together, these data suggest that AXT107 both relocates Tie2
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Figure 7. AXT107 inhibits Ang2- and LPS-mediated vascular permeability in the mouse eye. (A–C) Representative fluorescein angiography images of mouse eyes from IRBP-rtTA/TRE-Ang2 mice with doxycycline-induced overexpression
of Ang 2 in the retina given an intravitreous injection of PBS (A) or 1 μg of AXT107 (B). Compared with the normal retinal
vessels seen in an untreated wild-type C57BL/6 mouse, the Ang2-overexpressing PBS-injected control shows dilated
retinal vessels with extravasation of fluorescein blurring the margins of the vessels (A), while the AXT107-treated Ang2
overexpressor shows sharp vessel margins, indicating no fluorescein leakage and mild vasodilation (B). (D) Doxycycline-treated IRBP-rtTA/TRE-Ang2 mice given an intravitreous injection of 1 μg of AXT107 had a significant reduction
in mean level of albumin in the vitreous compared with PBS-injected controls; n = 11; P < 0.05 by Mann-Whitney test.
(E) Relative gene expression of cyclophilin and Ang2 in the retinas of mice treated with intravitreous injection of 125
ng LPS or PBS control. Fold changes were determined by ΔΔCT (n = 4 or 5). P < 0.01 by Mann-Whitney test. (F) Mean
vitreous albumin level in mice with LPS-induced uveitis was significantly less in those given an intravitreous injection
of 1 μg AXT107 compared with PBS-injected controls (n = 5). P < 0.01 by Mann-Whitney test.

to the junctions and stimulates its clustering. Phosphorylation of these complexes, however, still requires the
angiopoietins (Supplemental Figure 1C). Precluding the need for clustering, AXT107 potentiates Tie2’s activation by Ang2. In contrast, Ang1, which already possesses this characteristic, is minimally affected. In fact, at the
highest concentration, AXT107 slightly inhibited Ang1-induced Tie2 phosphorylation (Figure 1A), suggesting
that the clusters formed by both molecules may differ slightly. The effects of AXT107 on Tie2 phosphorylation
do not appear to be the result of VE-PTP inhibition, such as that observed with AKB-9778 (22), as no change
in VE-PTP interactions were observed in peptide-treated samples. However, it is possible that the formation of
clustered Tie2 complexes at the junction could spatially limit the access of VE-PTP to some Tie2 receptors. The
Tie2 coreceptor Tie1 was also found within the junctional Tie2 complexes, suggesting that the peptide does not
disrupt these interactions and, thus, does not conflict with the recent observation that activation of Tie2 at the
junctions is dependent on Tie1 (16, 21). These data do not indicate whether AXT107 directly stimulates the
relocation of Tie1 to the EC junctions or if Tie1 is indirectly relocated through interactions with Tie2.
insight.jci.org   https://doi.org/10.1172/jci.insight.122043
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Figure 8. Model for AXT107-mediated activation of Tie2. Top: In diseased neovasculature (1) the lack of pericyte coverage skews the ratio of angiopoietins
towards Ang2, which (2) weakly activates Tie2 in complex with integrin α5β1 heterodimers at the cell-ECM interface, (3) preferentially activating
proliferative signals (i.e., ERK1/2). (4) The MLC kinase (MLCK) phosphorylates MLC2 and leads to formation of radial actin stress fibers within the cell and
tension at EC-EC junctions. Bottom: In the presence of AXT107 (5) a fraction of α5 integrin separates from β1 integrin and (6) migrates to EC-EC junctions
along with Tie2 to form large complexes and trans-interactions across junctions. (7) These complexes potentiate the phosphorylation of Tie2 by Ang2,
thereby activating Akt-mediated survival pathways while maintaining basal levels of phospho-ERK1/2. (8) Additionally, MLC phosphatase is activated via
the RAP1 or RAC1 pathway, which leads to reduced MLC2 activity, increased cortical actin, and stabilized junctions.

Our findings regarding the Tie2-integrin relationship fit with many previous observations reported in
other studies. When Tie2 is associated with integrins, Ang1 preferentially activates downstream signals
related to proliferation (e.g., the ERK1/2 pathway) and migration (e.g., FAK and Dok-R) relative to survival responses (e.g., Akt) (8, 10, 17, 20). Notably, Tie2-dependent proliferation and migration of sparsely cultured or newly attached ECs were particularly sensitive to α5β1 integrin interactions. In contrast, the loss of
α5 integrin by siRNA was previously shown to shift signaling from the ERK1/2 pathway to the Akt-mediated prosurvival response (10). Similarly, our studies, which focused on confluent EC monolayers, demonstrate a clear Ang2-mediated activation of Akt following integrin inhibition by AXT107 without a comparable change in ERK1/2 phosphorylation. Surprisingly, the knockdown of β1 integrin has been previously
shown to decrease Akt phosphorylation, which contrasts with the results from α5 integrin knockdown and
our results with AXT107 treatment (16). As a possible explanation, β1 is the most promiscuous partner
of α integrins and decreases in its protein levels may impact more cellular activities, both Tie2-dependent
and -independent, in comparison with the knockdown of the relatively specific α5 integrin or conditions in
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which integrin levels remain constant but are inhibited. In particular, AXT107 only disrupted about half of
the α5β1 integrin heterodimers according to our Duolink assay and many of the α5 and β1 integrin subunits
within the Triton X-100–soluble fractions remained associated even in the presence of peptide, as shown by
our immunoprecipitation data. Alternatively, β1 integrin may be essential for the initial formation of Tie2
signaling complexes but may be dispensable once they are formed. Taken together, these findings emphasize the importance of integrins in the preferential activation of signaling pathways downstream of Tie2.
The roles of integrin interactions in the regulation of Tie2 signaling suggest that natural mechanisms
may exist to separate α5 and β1 integrins within the cell. The treatment of ECs with COMP-Ang1 has been
previously shown to induce junctional relocation of Tie2 in ECs and transfected HeLa cells (20, 39), which
may suggest that the angiopoietin ligands are able to stimulate this activity under specific conditions. This
hypothesis is not unprecedented, as a recent report has shown that cMet can displace α5 integrin and associate with β1 integrin under certain conditions (40). In contrast, β1 integrin did not relocate to the junctions
in Tie2-transfected HeLa cells in response to treatment with either Ang1 or Ang2 (39). While we can only
speculate as to the mechanism of this dissociation, earlier reports have shown that the activities of both
Ang1 and α5β1 integrin are dependent on glycosylation. Specifically, the mutation of several N-glycosylated
sites on either the β-propeller of α5 integrin or the I-like domain of β1 integrin disrupted heterodimerization
of the proteins and their interactions with FN1 (41, 42). Likewise, both Ang1 and Ang2 are glycoproteins
and interact directly with integrins (10, 43). Therefore, AXT107 or angiopoietins may disrupt the glycan
interactions between α5 and β1 integrins and cause them to dissociate.
The α5β1 integrin heterodimers that were disrupted by AXT107 represented about half of the population and only a small fraction was found to relocate to the junctions. The factors determining the
susceptibility of integrin heterodimers to this effect remain undetermined. Given the AXT107-mediated
rearrangement of Tie2 to the junctions and the continuation of interactions between the receptor and the
α5 integrin subunit, it may be that the varying composition of integrin complexes (e.g., RTK association)
may influence their susceptibility to disruption. Integrins are known to adopt various conformations
that regulate their functions in response to ligand and adaptor protein binding (reviewed in ref. 44). For
instance, VEGFR2 has been found to interact specifically with the extended, or activated, αvβ3 integrin
complexes associated with ECM ligands (45). Of particular interest, Tie2 interactions with α5β1 integrins
are stabilized in the presence of FN1, suggesting that Tie2 preferentially interacts with extended conformations of α5β1 integrins as well (10, 17). While there is currently not enough evidence to conclusively
state that AXT107 preferentially interacts with specific integrin complexes or conformations, these data
do emphasize the variability in integrin structures that could contribute to our experimental observations.
The antipermeability properties of AXT107 have been previously demonstrated in animal models of
the eye; however, the mechanistic details were unknown (19). The above data provide strong evidence that
this effect, at least in part, is due to the potentiation of Tie2 signaling and are consistent with other results
found in the Tie2 literature. Notably, AXT107 was able to block the vascular leakage associated with overexpression of Ang2 and knockdown of Tie2 by siRNA reduced the rearrangement of VE-cadherin following peptide treatment. Similar findings were shown in other studies in which siRNA-mediated knockdown
of Tie2 was found to increase the permeability of EC monolayers and was associated with the presence
of radial actin (9, 39). Conversely, the activation of Tie2 by the VE-PTP inhibitor AKB-9778 was found
to stabilize cell-cell junctions similarly to AXT107 by rearranging actin distribution from radial to cortical
and, consequently, changing VE-cadherin distribution from jagged to smooth and decreasing monolayer
permeability (9). Likewise, both AXT107 and AKB-9778 treatments are associated with a decrease in
the phosphorylation of MLC2, an effect that has been connected to the activities of the Rap1 and Rac1
GTPases. Moreover, the antipermeability properties of AXT107 specifically benefit from the peptide’s
ability to inhibit the signaling of other RTKs, notably VEGFR2. As demonstrated in our Transwell permeability assay, AXT107 alone was able to inhibit VEGFA-induced permeability across the endothelial
monolayer and this effect could be enhanced in the presence of Ang2. Together, these data emphasize the
therapeutic potential of inhibiting the VEGFR2 pathway and activating Tie2 signaling simultaneously
using AXT107 as a therapeutic to counter excessive vessel permeability.
Perturbations in Ang/Tie signaling are well documented in several diseases associated with vascular permeability, blood and lymphatic vessel development, and inflammatory/immune responses (reviewed in ref. 46).
Recently, EC knockdown of Tie1 was found to stabilize tumor vasculature by activating Ang1/Tie2 signaling,
which consequently improved pericyte coverage and vessel perfusion and decreased metastasis and late-stage
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tumor growth (47). Furthermore, elevation of serum Ang2 levels is of prognostic value in certain cancers and has
been correlated with tumor progression, angiogenesis, metastasis, and patient survival. Likewise, a high serum
Ang2-to-Ang1 ratio in sepsis is associated with an increased disease severity and a poor prognosis resulting from
vessel hyperpermeability (27, 28). Recently, potentially deadly thrombotic complications in sepsis have been
associated with decreased Tie2 phosphorylation stemming from the high Ang2 concentrations in the disease
(26). While neutralization of Ang2 by antibody treatment was found to maintain vessel stability and improve
survival in mouse models of sepsis (28), our data suggest that this abundance of Ang2 in these conditions can be
used to activate beneficial Tie2 signaling. Moreover, our results extend these observations to the eye and implicate the possibility of the Ang2/Tie2 pathway as a new treatment target in uveitis. Similarly to the increase in
systemic Ang2 levels in sepsis models, there was an increase in Ang2 levels in the retina in LPS-induced uveitis
and the activation of Tie2 by Ang2 in the presence of AXT107 may contribute to the antipermeability effect of
AXT107 in this uveitis model. Studies using an Ang2-clustering antibody, ABTAA (Ang2-binding and Tie2-activating antibody), support this assertion. Treatment of mouse sepsis models with ABTAA improved the efficacy
of treatment beyond that provided by an Ang2-neutralizing antibody by also activating the Tie2 receptor (25).
In tumors, the activation of Tie2 by ABTAA has also been shown to improve the effects of chemotherapy by
normalizing tumor vasculature and improving drug delivery (48). Similar to ABTAA, AXT107 altered Ang2 to
behave more like Ang1 by facilitating Tie2 activation instead of simply blocking its activity.
In eyes with ischemic retinopathy, increased levels of Ang2 contribute to vascular leakage and macular
edema (15). Phase 2 clinical trials have shown that inhibitors of Ang2 combined with VEGF suppression
using ligand-neutralizing antibodies provide greater benefit than VEGF suppression alone in patients with
diabetic macular edema. Clinical trials to test if these results versus ranibizumab also hold for NVAMD are
ongoing. By converting Ang2 from an antagonist of Ang1-mediated activation of Tie2 to a Tie2 agonist,
AXT107 takes advantage of the elevated levels of Ang2 in these disease states. Importantly, the mechanism through which AXT107 activates Tie2 is both complementary to and independent from that of the
low endogenous levels of Ang1 and does not suffer from the incomplete inhibition of antibodies that target Ang2-like ligands. Moreover, we have previously demonstrated that AXT107 blocks signaling through
VEGFR2 and other angiogenic receptor tyrosine kinases, with longer duration of action via the formation
of a self-assembled clear-gel depot that serves as a sustained delivery reservoir (19). This unique combination of properties demonstrated by AXT107 may provide improved and longer-lasting benefits when
compared with standard anti-VEGF monotherapies and may be developed as a new therapy for highly
prevalent retinal and choroidal vascular diseases.

Methods
Cell culture and reagents. Human dermal MECs (Lonza) were maintained at 37°C and 5% CO2 in EBM-2MV
media (Lonza) and used from passages 2 through 7. Where applicable, cells were serum starved in EBM-2
media (Lonza) with no supplements. For FITC-dextran permeability assays, phenol red–free media were
used to avoid autofluorescence. AXT107 was manufactured at New England Peptide by solid-state synthesis, lyophilized, and dissolved in 100% DMSO. After dilution, DMSO concentrations never exceeded
0.25% in any experiment.
Western blotting. For Ang1/2 signaling investigations, cell culture dishes (10 cm diameter) were coated
with 5 μg/ml FN1 (Sigma-Aldrich) for 2 hours at 37°C. The FN1 solution was then removed by aspiration
and 5 × 106 MECs were plated in EGM-2MV media and cultured for 48 hours at 37°C. The cells were
then serum starved for 16 hours in serum-free EGM-2 base media. AXT107 (0–100 μM as indicated) was
subsequently added to each culture and incubated for 75 minutes at 37°C. The cultures were then treated
with 1 mM sodium vanadate (New England Biolabs) for 15 minutes followed by stimulation with 200
ng/ml angiopoietin (R&D Systems) for an additional 15 minutes. The cells were then transferred to ice,
washed twice with ice-cold Dulbecco’s PBS (DPBS) containing Ca2+ and Mg2+, and collected by scraping
in 500 μl of 1× Blue Loading Buffer (Cell Signaling Technology). Lysate samples were then sonicated,
boiled, and resolved by SDS-PAGE. Specific proteins were identified by Western blot, using the following
primary antibodies: phospho-Tie2 (Y992) (catalog 4221), Tie2 (catalog 7403), phospho-Akt (S473) (catalog 4058), Akt (catalog 9272), phospho-p44/42 MAPK (ERK1/2; T202/Y204) (catalog 4370), p44/42
MAPK (ERK1/2) (catalog 4695), β1 integrin (catalog 34971) (all Cell Signaling Technology); β1 integrin
(catalog 610467, BD Transduction Laboratories); and α5 integrin (catalog AB1928, Millipore) and detected with HRP-conjugated goat anti-rabbit and sheep anti-mouse secondary antibodies (GE Healthcare).
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Triton X-100 fractionation. The isolation of Triton X-100–soluble and –insoluble fractions was performed using modifications to previously described procedures (49). FN1-coated 6-well plates were seeded
with 2.5 × 106 cells and cultured for 48 hours as described above. The cultures were then serum starved for
90 minutes in EBM-2 media, treated with 100 μM AXT107 or DMSO vehicle, and treated for 15 minutes
with 1 mM sodium vanadate. The cells were then stimulated with 100 ng/ml VEGFA, 400 ng/ml Ang2, or
PBS for 15 minutes. The plates were then transferred to ice and washed twice with cold DPBS containing
Ca2+ and Mg2+ and twice with EBM-2 media. The media were then removed and the cells incubated for
30 minutes on ice at 4°C in 200 μl of Triton X-100 extraction buffer (10 mM Tris-HCl, pH 7.5; 150 mM
NaCl, 2 mM CaCl2, 1% NP-40, 1% Triton X-100, and a protease inhibitor cocktail [Cell Signaling Technology, catalog 5871]) with occasional agitation. The extraction buffer was gently collected and centrifuged
at 12,000 g for 5 minutes. The supernatant was then mixed with 125 μl of 3× Blue Loading Buffer, boiled,
and saved as the Triton X-100–soluble fraction at –20°C. The remaining insoluble fraction was washed
twice with wash buffer (10 mM Tris-HCl, pH 7.5; 150 mM NaCl, Complete Mini protease inhibitor tablets
[Roche]) and collected in 375 μl of 1× Blue Loading Buffer with scraping followed by centrifugation and
boiling as described above. This lysate was saved at –20°C as the Triton X-100–insoluble fraction. Samples
were analyzed by Western blot as described above.
For pull-down variations, insoluble fractions were instead collected in RIPA buffer (Sigma-Aldrich)
supplemented with a protease and phosphatase inhibitor cocktail (Cell Signaling Technology) and 5 mM
EDTA. Lysates were sonicated briefly and incubated for 1 hour with anti-Tie2 (Cell Signaling Technology,
catalog 4224) or anti–α5 integrin (Millipore, catalog AB1928) with end-over-end mixing. Subsequently, 20
μl of Protein Agarose A/G beads (Santa Cruz Biotechnology) was added and the samples incubated for
another hour. Beads were collected by centrifugation at 1,500 g and 4°C, washed 4 times with PBS, resuspended in SDS-based Blue Loading Buffer, boiled, and resolved by SDS-PAGE.
Immunofluorescence. Black, clear-bottom, 96-well plates with half well size were coated with 10 μg/ml
FN1 for 2 hours at 37°C. The FN1 solution was then removed by aspiration and the plate seeded with 4 ×
103 MECs in EGM-2MV media. After 24 hours, the cells were washed once with DPBS containing Ca2+
and Mg2+ to remove dead cells and then the cells allowed to grow for an additional 24 hours. For 3-hour-duration treatments (i.e., VE-cadherin), cells were washed twice with DPBS containing Ca2+ and Mg2+ and
serum starved in EBM-2 for 3 hours. The media were then removed and the cells treated with 100 μl of
EBM-2 media containing 200 ng/ml Ang2 or PBS and varying concentrations of AXT107 or DMSO for
3 hours. For 15-minute-treated samples (i.e., phospho-Tie2), the cells were serum starved in EBM-2 media
for 165 minutes, incubated for 90 minutes with varying concentrations of AXT107 or DMSO in EBM-2,
and finally stimulated for 15 minutes with 200 ng/ml Ang2 or PBS supplemented with peptide to retain
the same concentrations. These times were chosen so that both treatment procedures would be completed
at the same time. The cells were then washed twice with cold DPBS containing Ca2+ and Mg2+ and fixed
in 10% neutral buffered formalin for 15 minutes. The formalin solution was then removed, and the wells
were washed 3 times in DPBS containing Ca2+ and Mg2+. The cells were then blocked in blocking buffer
(5% normal goat serum, 0.3% Triton X-100 in DPBS containing Ca2+ and Mg2+) and stained for 16 hours
with primary antibodies against phospho-Tie2 (Y992) (R&D Systems, catalog AF2720), total Tie2 (Genetex, catalog GTX107505), VE-cadherin (Cell Signaling Technology, catalog 2500), or ZO-1 (ThermoFisher
Scientific, catalog 33-9100) diluted 1:150 in antibody dilution buffer (1% BSA; 0.3% Triton X-100 in DPBS
containing Ca2+ and Mg2+). The wells were then washed 3 times with DPBS and incubated for 1 hour with
Alexa Fluor 488–conjugated goat anti-rabbit secondary antibodies (Cell Signaling Technology, catalog
4412) diluted 1:300 in antibody dilution buffer. The wells were then washed twice and stained with Alexa
Fluor 555–conjugated phalloidin (Cell Signaling Technology, catalog 8953) diluted 1:20 in PBS for 20 minutes. The cells were then washed twice again in DPBS, stained with DAPI for 20 minutes, and exchanged
for DPBS for imaging. Cells were imaged using the BD Pathway 855 system and Attovision software (BD
Biosciences) or the Zeiss Axio Observer with LSM700 confocal module and Zen LE software (Zeiss).
Duolink protein interaction analysis. Black, clear-bottom, 96-well plates were coated with FN1 and seeded
with MECs as described for immunofluorescence experiments above. After growing for 48 hours, cells were
serum starved for 3 hours, treated with 100 μM AXT107 or DMSO vehicle for 90 minutes, washed 4 times
with DPBS containing Ca2+ and Mg2+, and fixed in 10% neutral buffered formalin. Cells were blocked in 5%
normal goat serum, 0.3% Triton X-100 in DPBS containing Ca2+ and Mg2+ for 1 hour, and incubated overnight at 4°C with primary antibodies in PBS containing Ca2+ and Mg2+ with 1% BSA and 0.1% Triton X-100.
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Interaction spots were developed using anti-rabbit PLUS and anti-mouse MINUS complementary secondary
antibody probes and the Duolink (Sigma-Aldrich) green detection reagent according to the manufacturer’s instructions and detected using the BD Pathway 855 system or the Zeiss Axio Observer with LSM700 confocal module.
FITC Transwell permeability assay. Transwell, 24-well inserts (Corning) were coated with 7.5 μg/cm2
FN1 for 2 hours at 37°C, aspirated, and then dried for 30 minutes at room temperature. Wells were then
seeded with 7.5 × 104 MECs in 100 μl of EBM-2 media (without phenol red) and allowed to settle for 30
minutes at room temperature. Subsequently, 1 ml of EGM-2 media was added to the bottom chamber,
with an additional 200 μl to the top chamber. The plate was incubated for 24 hours at 37°C, after which
the media were aspirated as carefully as possible and an additional 7.5 × 104 MECs were plated in each
well as described above. After 48 hours at 37°C, the media were aspirated from both chambers and the cells
were washed twice in DPBS containing Ca2+ and Mg2+, once with EBM-2 media (without phenol red), and
serum starved in EBM-2 media applied to both chambers for 2 hours at 37°C. After this incubation, 100
μM AXT107 or an equivalent amount of DMSO vehicle was added, and the plates were incubated for an
additional 90 minutes. The cells were then treated with 200 ng/ml Ang2, 100 ng/ml VEGFA, both, or PBS
control in the top chamber and 25 μg/ml FITC-dextran (40 kDa) in the bottom chamber. AXT107 was also
added to both chambers to maintain a concentration of 100 μM. After 3 hours, 10 μl was removed from
the top chamber of each well and mixed with 90 μl of water in a clear-bottom, 96-well plate. Fluorescence
values for each sample were calculated using a PerkinElmer Victor V fluorescence plate reader.
siRNA knockdown of Tie2 in HUVECs. HUVECs were cultured to confluence in FN1-coated 96-well or
6-well plates as described for the immunofluorescence experiments with MECs above, except that 6-well
plates were seeded with 2.5 × 105 cells. Once the cells were confluent, the media were exchanged with fresh
EGM-2MV media. A transfection solution was prepared using 25 nM Tie2 siRNA or negative control
siRNA and the TransIT-TKO reagent (Mirus Bio) according to the standard protocol for the corresponding
plate sizes. Solutions were incubated for 30 minutes before their addition to the wells. Cells were incubated
with the siRNA for 48 hours and then washed twice with PBS with Ca2+ and Mg2+. The following siRNAs
were used: negative control, MISSION siRNA Universal Negative Control (Sigma-Aldrich, SIC001); and
Tie2, MISSION siRNA, Human kinase TEK (Sigma-Aldrich, SASI_hs01 00185199).
The 6-well plates were used to determine transfection efficiency and were lysed in 120 μl of SDS-loading dye and analyzed by Western blot as described above. The 96-well plates were used for immunofluorescence experiments with and without 100 μM AXT107 treatment using the procedures described above
for VE-cadherin and actin staining, starting with the 3-hour serum starvation. Images were taken using the
Zeiss Axio Observer with LSM700 confocal module and analysis of the junctions was performed using
ImageJ (NIH). VE-cadherin perimeters and minimal cell junction perimeters were traced by hand using the
freehand and polygon shape tools respectively as demonstrated in Supplemental Figure 5C. At least 3 cells
from each well were analyzed and the ratios of the VE-cadherin perimeters to cell junction perimeters were
averaged. At least 3 wells were analyzed per condition over 2 separate experiments.
OIR mouse model and immunofluorescence. OIR experiments were performed similarly to those described
previously (22). Retinal ischemia was induced by placing litters of P7 C57BL/6 mouse pups of either
sex in 75% ± 3% oxygen. After 5 days, the pups (P12) were returned to room air and neovascularization
was allowed to develop for 5 days. At P17, mice were given an intraocular injection of 1 μg AXT107 or
an equivalent volume of the 5% DMSO vehicle. After 12 hours, the mice were euthanized and eyes were
fixed in 10% PBS-buffered formalin for 10 minutes followed by 3 hours in 4% paraformaldehyde at room
temperature. Retinas were dissected and blocked with 8% normal goat serum for 45 minutes. After a brief
wash, retinas were stained with rabbit anti-Tie2 (1:200, R&D Systems) at 4°C overnight with rotation. The
following day, the retinas were washed an additional 3 times and stained with a goat anti-rabbit IgG conjugated with Alexa Fluor 594 (1:800, Invitrogen) and FITC-conjugated GSA isolectin B4 (1:150, Vector Laboratories) for 45 minutes at room temperature. Images were taken using a Zeiss fluorescence microscope.
Transgenic mouse models. Adult (5–6 weeks old) double-transgenic IRBP-rtTA/TRE-Ang2 mice of either sex
were treated with 1 μg of AXT107 in one eye and PBS in the fellow eye. The mice were then given drinking
water containing 2 mg/ml doxycycline (Sigma-Aldrich) for 3 days. On day 4 after injection of AXT107 or PBS,
vitreous samples were collected to measure the albumin levels using an albumin ELISA kit (ab108791, Abcam).
Fluorescence angiography. Adult (5–6 weeks old) double-transgenic IRBP-rtTA/TRE-Ang2 mice of
either sex were treated by intravitreous injection of 1 μg of AXT107 in one eye and PBS in the fellow eye.
Untreated C57BL/6 mice were used as normal controls. Four days later, mice were anesthetized with a
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mixture of ketamine and xylazine hydrochloride, pupils were dilated with 1% tropicamide, and mice were
then perfused with 10% fluorescein sodium (AK-Fluor, Akorn). Images were examined by fluorescence
microscopy using a Micron III microscope (Phoenix Research Laboratories, Inc.).
Mouse models of LPS-induced inflammation. For characterization experiments, adult (5–6 weeks old) C57BL/6
mice of either sex were treated with 150 ng LPS for RT-qPCR experiments and 250 ng LPS for vascular permeability experiments in C57BL/6 mice in one eye and PBS in the fellow eye. For RT-qPCR, mice were euthanized
after 24 hours, the eyes were enucleated, retinas were dissected free of other ocular tissue, and RNA was isolated
from the retinas. The RNA was used to prepare cDNA with an iScript DNA Synthesis Kit (Bio-Rad Laboratories)
according to the kit instructions. Real-time quantitative PCR was performed using a Rotor Gene Q instrument
(Qiagen) and Rotor-Gene SYBR Green PCR Kit (Qiagen) to investigate the expression levels of Ang2 and IL-6
in the retinas of PBS- and LPS-injected eyes. Cyclophilin A expression was used to standardize expression levels
of the test genes. Fold changes in gene expression were calculated using ddCt values (50). The following primers were used in these experiments: Ang2 (51) forward, 5′-CTGTGCGGAAATCTTCAAGTC-3′ and reverse,
5′-TGCCATCTTCTCGGTGTTG-3′; cyclophilin A (52) forward, 5′-CTGTGCGGAAATCTTCAAGTC-3′
and reverse, 5′-TGCCATCTTCTCGGTGTTG-3′; and IL-6 (53) forward, 5′-GAGGATACCACTCCCAACAGACC-3′ and reverse, 5′-AAGTGCATCATCGTTGTTCATACA-3′.
For investigations of the effect of AXT107 on vascular leakage, one eye was injected with 1 μg of
AXT107 and the fellow eye with PBS by intravitreous injection. After 24 hours, both eyes received intravitreous injections of 250 ng LPS. After an additional 24 hours, the concentration of serum albumin was then
determined for each eye by ELISA as for the transgenic mouse models above.
Statistics. Unless otherwise stated, error bars represent SEM. Statistics were determined by unpaired
Student’s t test (2-tailed), Mann-Whitney test, or ANOVA as indicated in the corresponding figure legends
using GraphPad Prism software v. 5.0. A P value less than 0.05 was considered significant. All image analysis was performed with ImageJ.
Study approval. Mice were treated in accordance with the Association for Research in Vision and Ophthalmology Guidelines regarding the care and use of animals in research. All animal studies were approved
by the IACUC of Johns Hopkins University.
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